High-resolution measurements of positron interactions with Ne and Ar are presented, as well as theoretical treatments. The data extend over a range of 0.3 to 60 eV and comprise measurements of the grand total, positonium formation, and grand total minus positronium formation cross sections. Theoretical treatments of scattering from Ne and Ar are performed under the relativistic optical potential approach, as well as calculations using the convergent close-coupling method. Comparisons of the present measurements and theories are made with previous theoretical and experimental work.
I. INTRODUCTION
The investigation of positron scattering from noble gases provides a vital meeting point for contemporary quantum scattering theory and experiment. The noble-gas systems are some of the simplest targets to study experimentally due to their inert nature and consequent ease of handling. With their closed valence shells they are also relatively simple collision systems to approach theoretically, although the level of complication increases with atomic number. In this work we aim to provide benchmark experimental cross sections for atomic rare-gas targets that are more complex than helium. Through a detailed comparison of this data with recent theoretical treatments, we also hope to critically evaluate both experiment and theory with a view to establishing an accepted set of cross sections for these gases.
A sizable body of previous work exists for both Ne and Ar, with most of the measurements being carried out from the early 1970s up until the mid-1980s. Despite more than half a dozen groups independently investigating these systems, considerable disparity remains, even for measurements of the total cross section, though considerable effort was made to understand possible sources of systematic errors [1] . Many improvements have been made in both the techniques employed and the equipment available, such that this problem may be better approached now. The broader intent in understanding these relatively simple scattering cases, both experimentally and theoretically, is to further refine our understanding of positron interactions in general, and thus eventually allow theoretical treatment of problems which cannot easily be tackled experimentally. Examples of such systems might be large molecules of biological interest that may play a role in positron emission tomography, a medical imaging technology. See, for example [2] , and references therein. In the following * stephen.buckman@anu.edu.au sections we explain briefly both our experimental and theoretical approaches, before giving a detailed comparison between present experiment and theory with that which has preceded us. We conclude with a summary and some future plans.
II. EXPERIMENTAL DETAILS
High-resolution measurements of total cross sections have been made for positron scattering from neon and argon. The measurements were performed using a "Surko" buffer-gas trap and beam apparatus. The design of the experiment has been covered in detail previously [3] and will be only briefly discussed here. Positrons were generated from a 50 mCi 22 Na source and moderated with a solid Ne moderator, producing a continuous beam with a 1.5 eV energy spread and a current of 0.5-1 pA. Using an axially confining magnetic field (∼100 G), the moderated positrons are guided electrostatically to the trap, which consists of two pressure stages, with N 2 and CF 4 buffer gases. The effective throughput efficiency of the trap is approximately 5%, resulting in an average, pulsed current of around 50 fA. Under typical operating conditions the trap is cycled at 80-100 Hz and each pulse contains about 1000-4000 positrons. The energy resolution for these experiments varied in the range 50-80 meV. Within the trap, and downstream from it, the pulsed beam is confined by a 530 G magnetic field as it enters a 20-cm-long scattering cell containing the rare-gas target. The large magnetic field ensures that all positrons, except for those lost to positronium formation, scattered and unscattered, are transmitted through the scattering cell before being energy analyzed in a retarding potential analyzer (see [3] for details) and detected on a multichannel-plate detector.
The basic principle behind the total cross section measurements in positron scattering is the transmission method. By use of the Beer-Lambert law, a knowledge of the fraction of the incident current which is transmitted through the scattering cell, as well as a measurement of the target gas pressure and the physical length over which the interaction occurs, are sufficient to calculate the total scattering cross section. One of the most significant common problems in measuring total cross sections is in distinguishing between the unscattered incident beam and positrons that undergo small energy loss inelastic and/or scattering at small forward angles.
Details of the analysis techniques used in the present experiment have been covered previously [4, 5] . In the present experiment the problem of miscounting small-angle-scattering events is limited by the energy resolution of the incident beam and is defined by the potential applied to the retarding potential analyzer (RPA) positioned between the scattering cell and the detector. This problem has been discussed in a recent paper [6] but for completeness we will repeat the essential details here. The characteristic angle θ min below which scattered positrons cannot be distinguished from the incident beam tends to zero for increasing impact energy and can be simply calculated as follows:
where V is the difference between the potential that cuts off half the beam and the potential at which I m , the transmitted intensity, is measured. E SC is the positron incident energy in eV and e is the elementary charge, equal to 1 when working in units of electron volts.
In these experiments the transmitted fraction is measured with the aid of an RPA, with gas present in the cell. The RPA discriminates against the axial component of the energy of the beam, which is diminished in the event of scattering inelastically or scattering through some angle, and thus provides a simple measurement of the total scattering. This method still misses some fraction of the forward-angle elastic scattering, though in contrast to traditional experiments, this problem becomes smaller with increasing energy. In many of the prior experimental arrangements the ability to discriminate against small forward-angle scattering was limited by geometrical concerns. The role of this common limitation with respect to cross-section measurements has been explored in further detail in a recent publication by our group [6] . In our apparatus this limitation is determined by the resolution of the beam and is typically a small fixed potential offset ( 150 mV). On the down side, the angles missed also include those scattered backward at close to 180
• due to the reflection of the backscattered positrons and their subsequent detection.
All of the information required to determine the grand total (σ GT ) and positronium (Ps) formation (σ P s ) scattering cross sections from this experiment are contained in the RPA transmission curve, a schematic example of which is shown in Fig. 1 . Each point on the RPA curve is a measure of the number of transmitted positrons as a function of the RPA potential. I 0R is a measurement of the full incident intensity with the energy in the scattering cell set below the Ps formation threshold (E P s ) and the RPA set to transmit all positrons, scattered and unscattered. I 0 is the measure of the transmitted intensity at the desired scattering energy, and the difference between I 0 and I 0R is the proportion of positrons that form positronium inside the scattering cell. I 0 is measured just before the point that corresponds to the onset of any scattering process (taking into account both inelastic and angular scattering). Any difference between I 0 and I 0 is indicative of positron scattering outside the gas cell, and is carefully accounted for in the analysis and included in the overall determination of errors in the cross section. I m is determined by setting the RPA to a potential at a small fixed voltage offset [4] from the cutoff potential (V C ) and provides a measure of the unscattered intensity. I b measures the background signal above the RPA cutoff point of the positron detection system. The grand total cross section σ GT is therefore given by
The partial cross sections can then be derived from the total cross section based on the fraction of scattering attributed to each process. These fractions are described by the ratios R P s and R GT −P s for Ps formation and the grand total minus Ps formation, respectively. The fraction of Ps formation scattering is determined from the following ratio of measured intensities:
Likewise, R GT −P s is the fraction of scattering due to all non-Ps scattering channels, and is given by
By use of these ratios, the total cross sections are simply calculated from the grand total cross section as
and
Consistency checks are undertaken for each set of measurements by overlapping three to five points between each adjacent experimental run. This technique provides a useful assessment of systematic uncertainty. Pressure dependency checks are carried out for each target gas to ensure we operate within a regime free of multiple-scattering effects. Typically the total scattering inside the gas cell was kept below 10% for these measurements.
At low energies, forward scattering becomes a significant problem and we have attempted to account for it by applying corrections based on theoretical elastic differential cross section (DCS) curves. This procedure is discussed in more detail in Sec. IV and in [6] . Results are presented with suggested corrections applied.
Sources of systematic error, such as thermal transpiration, have been estimated and, where possible, accounted for. Pressure end effects at the apertures of the scattering cell are minimized through cell design. Away from the low-energy region, the largest uncorrected source of systematic uncertainty is the zero drift in the capacitance manometer (model 690 MKS Baratron) used for pressure measurements. For Ne and Ar this effect is responsible for an uncertainty as large as 2%. Below 10 eV, however, the uncertainty due to small-angle elastic scattering, despite correction, is expected to dominate. Typically statistical errors in the intensity measurements are less than 1% while the total absolute error is between 5% and 7%.
III. THEORETICAL APPROACH
We present two theoretical treatments of positron scattering from Ne and Ar. One is a relativistic optical potential (ROP) method which, below the first excitation threshold, reduces to a relativistic version of the polarized orbital method. A nonrelativistic version of the polarized orbital method has been previously used to calculate the elastic cross section in neon [7] and argon [8] . The ROP calculation presented here has been used to calculate the grand total cross section below E P s and the cross section for the grand total minus the Ps formation channel above E P s . The other approach that we have employed is that of the convergent close-coupling (CCC) method and is a calculation of the grand total cross section.
A. The relativistic optical potential approach
The theoretical cross sections presented here for neon and argon were determined from the solution of the relativistic Dirac-Fock scattering equations containing an ab initio complex optical potential. The details of this method have been given previously in Chen et al. [9] and hence only a brief summary is given here. Basically, the optical potential is a complex potential where the real part represents the polarization of the target by the incident positron while the imaginary part of this potential, also referred to as an absorption potential, accounts for the loss of flux into inelastic channels. In the results presented here, the only inelastic channels which were included were those corresponding to direct excitation and single ionization, i.e., the Ps formation channel was not included.
As in [9] , we use our polarized-orbital polarization potential [10] for the real part of our optical potential. In the case of neon, the dipole and quadrupole polarization potentials were included while for argon, with its larger multipole polarizabilities, the octopole potential was also included.
Whenever, the energy of the incident positron was such that inelastic channels (excitation and ionization) were open, the imaginary part of the optical potential was incorporated in the calculations. This absorption potential is both nonlocal and ab initio, and is determined as an expansion over the inelastic channels of the target which include both the excitation of the discrete bound states as well as single ionization of the target as given by Eq. (21b) of [9] . In [9] , it was shown how this absorption potential could be treated as a perturbation. However, it was subsequently found that the error introduced by this technique became larger as the incident energy of the projectile increased. Thus, we have carried out the full solution of the complex Dirac-Fock scattering equations in the work presented here.
The discrete Dirac-Fock wave functions of the target were determined using the multiconfiguration Dirac-Fock (MCDF) program of Grant et al. [11] . In the case of neon, the absorption potential included the following 15 excited states (in intermediate-coupling notation):
Here J represents the total angular momentum of the atom whilep represents a p orbital with j = 1/2 and p represents a p orbital with j = 3/2. Similarly, d,d represent d orbitals with j = 5/2,3/2 respectively. In addition, the absorption potential included the following continuum states:
where represents the energy of the ejected electron, originally either a bound 2p or 2p electron and, above 48.5 eV, a 2s electron for neon. The continuum wave functions are solutions of Eq. (50a) or (50b) of [9] with the corresponding potentials being given by Eqs. (53a) and (53b). In the case where a 2s electron is ejected, the required potential is analogous to Eq. (1) of McEachran and Stauffer [12] . In the case of argon, a comparable total of 17 bound and 18 continuum states were included in the formation of the absorption potential. Here the ionization threshold for the 3s electron is 29.3 eV.
Above the inelastic threshold, the scattering phase shifts are complex, i.e., η
, where the + (−) signs refer to a spin-up (spin-down) positron. The elastic and inelastic cross sections are then given by Eqs. (39) and (40) of [9] , respectively. However, in the case of the pure elastic energy region, the elastic cross section is given by setting γ ± l = 0 in Eq. (39).
B. The convergent close-coupling approach
A single-centered CCC method for the calculation of positron scattering from neon and argon has been developed. The single-center approach has been previously successful in the calculation of total cross sections for positron scattering from hydrogen [13] and helium [14, 15] . The method solves the Schrödinger equation by expanding the total scattering wave function in a large set of target states and converting it to coupled Lippmann-Schwinger equations for the T matrix. The target state basis is obtained by diagonalization of the target Hamiltonian in a basis constructed from Sturmian (Laguerre) one-electron functions. The resulting basis provides squareintegrable representation for the target bound states and the continuum. The single-centered CCC method does not explicitly include the positronium formation channels. However, due to completeness of the basis they are represented in the target state expansion by the positive-energy pseudostates. The total ionization cross section, which is obtained as a sum over cross sections for all positive-energy states, represents cross sections for both direct ionization by positron impact and positronium formation. This allows us to obtain a reliable estimate of total scattering for incident energies above the ionization threshold and below Ps formation, i.e., outside the Ore gap. The representation of Ps formation indirectly via single-centered expansion requires inclusion of states with high orbital angular momentum and energy [13] [14] [15] .
The nonrelativistic CCC computer code has been extended to allow calculation of neon and argon target states, and the resulting scattering matrix elements. 
where the L 2l+2 n−1 (λ l r) are the associated Laguerre polynomials, and n ranges from 1 to the basis size N l , for 0 l l max . This approach allows us to model sufficiently accurately the ground and excited states of neon and argon, and is somewhat similar to the frozen-core model we have successfully utilized for e − -He scattering [16] . In the case of neon the basis size was chosen to be N l = 20 − l and λ l = 1.2 for l l max = 6. For argon we took N l = 21 − l and λ l = 1.8 with l max = 6. These lead to CCC calculations that couple 278 states for both neon and argon. The ground state ionization energy obtained is 20.60 eV for neon and 14.97 eV for argon. The difference from experimental ionization energies (21.56 eV for Ne and 15.76 eV for Ar) is of the same order as in the case of the helium frozen-core model. Another important check of the structure model is the static dipole polarizability. Our structure model yields 3.0a for neon [17] and 11.08a 3 0 for argon [18] . These may lead to a minor overestimation of the total scattering cross section.
A number of calculations with smaller values for N l and l max have been conducted to verify the convergence of the total scattering cross sections with respect to N l and l max . For brevity of presentation only results for the largest model are presented.
IV. RESULTS AND DISCUSSION
In the following subsections, the present experimental and theoretical cross section results for neon and argon are presented separately. Where available, literature data are compared with the present results in the discussions for each target.
A. Neon
In Figs. 2(a) and 2(b) the present grand total cross section measurement and the present theoretical results are compared with theory and experiment, respectively, up to the Ps formation threshold (E P s ). Below E P s the total cross section is, in practice, composed purely of elastic scattering (direct annihilation is negligible in this case). Corrections for low-angle scattering have been made using differential cross section curves calculated using the present ROP calculations, discussed in Sec. III. In Table I , suggested corrections are compared over a range of impact energies for positron scattering from Ne. Despite a worse energy resolution in the measurements above 4 eV, leading to a degraded angular resolution, the suggested corrections fall below 1% around 8 eV and are within the statistical uncertainty of the present measurements.
Below E P s the cross section is dominated by a deep Ramsauer-Townsend (RT) minimum. The minimum is found to be centered between 0.6 and 0.7 eV in the present measurement, with the minimum value of σ GT found to be approximately 0.14Å 2 . The ROP and CCC theories both find the minimum at about 0.7 eV, with magnitudes of approximately 0.12 and 0.13Å 2 , respectively. The total cross section climbs sharply out of the minima, and by 12 eV has almost plateaued, reaching a maximum value of approximately 0.9Å 2 at 14 eV in the present measurement. This magnitude is in close agreement with that found in the ROP calculation. However the present CCC result is approximately 10% higher at around 1Å 2 . In Fig. 2(a) the present measurement and theoretical predictions of the grand total cross section (σ GT ) are compared with selected theoretical calculations for impact energies up to E P s . Each of the theoretical predictions produces cross sections that are broadly consistent with the present results.
Prior to the work presented here, the two calculations in best agreement are those of McEachran et al. [7] and Dzuba et al. [22] , which are approximately equidistant from the present result over most of the range. The many-body , present σ GT −P s ; -, present polarized orbital result; -, present CCC result; --, Coleman et al. [19] ; --, McEachran et al. [7] ; ----, Nakanishi and Schrader [20] ; --, Baluja and Jain [21] ; --, Dzuba et al. [22] ; , Canter et al. [23] ; , Jaduszliwer and Paul [24] ; N, Coleman et al. [19] ; , Stein et al. [25] ; × Sinapius et al. [26] ; ♦ , Charlton et al. [27] .
perturbation theory of Dzuba et al. [22] predicts a position of the RT minimum that is in good agreement with that found in the present experimental result, although the magnitude of the cross section at the position of the minimum is about half that found experimentally. Above 5 eV the calculated cross section lies above the present measurement, on average by about 10%, but appears to plateau to a magnitude close to that presently found near E P s . Similarly, the present CCC result reproduces the cross section well at impact energies below 3 eV, but continues to diverge from the present result up to E P s . Conversely, the polarized orbital calculation of McEachran et al. [7] lies approximately 10% below the present result above 2 eV and predicts a minimum centered at about 1 eV, although again of lower magnitude than that presently measured. The present ROP calculation, below E P s , reduces to a relativistic form of the polarized orbital approach and reproduces the present measured cross section more closely than the other theoretical predictions compared here. The work of Nakanishi and Schrader [20] employed a simplified polarization model that cut off the real behavior of the polarization potential at the boundary of the atom, employing a constant value inside. The relatively poor agreement in both magnitude and shape demonstrates the importance of properly accounting for polarization at low energies, even in the smaller noble gases where polarization is relatively weak. In Fig. 2(b) we compare the present experimental result and theories with previous experimental data. The earliest measurements, those of Canter et al. [23] , compare favorably over the measured range with the present experimental data, although they appear to underestimate the cross section by about 5% between 8 and 14 eV. At the lowest measured energy, around 2 eV, their result lies well above the present data. The measurements of Coleman et al. [28] and Sinapius et al. [26] are in similarly good agreement with the present data, and by extension the present ROP calculation, though the measurements of Sinapius et al. lie below the present measurements from 2 eV and below. Conversely, the data of Stein et al. [25] compare well below 5 eV, predicting a minimum that is in close agreement in energy to that presently found, but that lies about 20% below the present in magnitude. This result is likely to be due to the better energy resolution, and thus angular discrimination, of the present measurements. In the experiment of Stein et al. the maximum angle at which elastically scattered positrons are indistinguishable from the unscattered beam, in the region of the minimum, is estimated to be about 13
• . Comparison of the total cross section calculated from the ROP DCS with a reduced total cross section integrated over 13
• -180
• suggests that their measured cross section would be approximately 12% lower than the true total cross section. This accounts for a substantial fraction of the difference between their results and the present measurements. Accounting for other possible systematic and statistical uncertainties places the two measurements in reasonable accord. At higher energies it is more difficult to account for the difference in the magnitude of the cross section, where the present results are typically about 10% larger than those of [25] , although the difference is not substantially greater than the stated errors between the measurements. The present CCC result lies close to the results of Stein et al. away from the minimum. The later results of Charlton et al. [27] start around 2 eV and are initially in good agreement with the present measurement. Above 4 eV, however, their cross section lies substantially above the present measurements, by as much as 30%, although typically the difference is closer to 15%-20%, which makes it in reasonable agreement with the present CCC result. The data of Jaduszliwer and Paul [24] lie higher again over the range studied, between 10% and 15% above the CCC curve and as much as 25%-30% above the present measurement and ROP calculation.
In Fig. 2 (c) the total cross section above E P s is shown alongside available experimental results and theory. The grand total cross section rises sharply from the onset of Ps formation at 14.76 eV due to the new scattering channel, and continues rising as electronic excitations and ionization become energetically available. The grand total cross section appears to plateau around 60 eV with a maximum value of approximately 1.9Å 2 found in the present measurements. The present CCC result is in close agreement with the present measurement at energies above the ionization threshold, differing from the present data by less than 5% up to 60 eV. Between E P s and the ionization threshold the theory is unable to account for Ps formation and subsequently falls below the present measurement. Baluja and Jain [21] employed an optical potential model which attempted to describe scattering at intermediate energies. The range studied extends from relatively low energies, where the present results lie, up to higher impact energies, where the Born approximation applies. The peak in the grand total cross section, presently found around 50-60 eV, is found closer to 75 eV in their prediction, and the magnitude of the cross section significantly exceeds that presently measured. Below 35 eV, where their curve intersects the present data, the difference is as much as 50%. The application of the sum rule by Coleman et al. [19] was interpolated from experimental results, taken in a different apparatus from the experimental data of Coleman et al. [28] compared here. The shape of the theoretical curve is similar to the observed cross section, but the magnitude is significantly above the present result, as well as the later measurements of Coleman et al.
The experimental data of Coleman et al. are in generally good agreement with the present result up to 20 eV, but the two results diverge at higher energies, with the result of [28] lying approximately 10% below the present measurement around 30 eV before converging back into agreement around 50 eV. The results of Canter et al. [23] , although lower, remain in reasonable agreement with the present data up to 20 eV where their data end. The measurements of both Stein et al. [25] (which incorporate the data of Kauppila et al. [29] above 30 eV) and those of Charlton et al. [27] both tend toward the present data around 20 eV and remain in reasonable agreement at higher energies.
Above E P s the present ROP calculation is unable to account for the Ps formation cross section, but can account for electronic excitation and ionization through an absorption potential. This part of the calculation can be compared to the measured GT − Ps cross section and is shown in Fig. 2(d) . Agreement with the measured σ GT −P s is excellent over the region investigated, and suggests the possibility that the Ps formation channel has little interaction with the other scattering channels at higher energies above the Ps threshold, although comparison with partial total cross sections would clearly be more illuminating.
Centred about E P s , below the first excitation threshold at 16.62 eV, a weak cusp is visible in the measurements of σ GT −P s . In this range, known as the Ore gap, measurements of σ GT −P s correspond to the total elastic cross section. The cusp is thought to arise from strong channel coupling between Ps formation and elastic scattering, and has been studied in more detail in a previous publication [30] .
In Fig. 3 we compare the present measurement of the total Ps formation cross section with the measurements of Laricchia et al. [31] and Marler et al. [32] as well as with the theoretical curves of McAlinden et al. [33] and Gilmore et al. [34] . single-scattering approximation is given below:
where I P s is the flux lost to Ps formation, and all other variables are as described previously.
If we apply the single-scattering approximation to the present data we find the cross section value at the peak drops into relatively good agreement with the measurements of Marler et al. and, up to approximately 40 eV, is in good agreement with the data of Laricchia et al.
Comparison with theory is limited to a few approximate methods. The work of McAlinden and Walters [33] applies a truncated, coupled-static approximation. Above 35 eV the calculated cross section is in qualitative agreement with the present measurement, but the peak position is found almost 10 eV below the peak value of the present measurements and is approximately 50% greater in magnitude. The later work of Gilmore et al. [34] , using the distorted wave Born approximation (DWBA), is somewhat similar in shape to the curve of McAlinden and Walters and, in their original work, was scaled by a factor of 0.57 in order to bring the magnitude into agreement with the results of Laricchia et al.
B. Argon
In Table II the corrections applied to the present results to account for forward scattering are given for a few selected energies. Note that in contrast to the corrections applied to the Ne results, the magnitude of the corrections is initially smaller, at energies below 2 eV, despite the use of an identical experimental arrangement, and thus an identical angular discrimination. From impact energies of 2 eV and up the Ne corrections rapidly diminish to an insignificant level, falling below 2% at 6 eV for example, despite a worsening in the angular discrimination at energies above 4 eV. In Ar the angular discrimination employed is better than that in Ne above 4 eV, yet the suggested correction near the Ps formation threshold remains slightly above 2%. This is due to the more forward-peaked differential elastic scattering cross section in argon relative to neon in the present ROP calculations, which are used in determining the corrections. As we see in Fig. 4(a) , one may initially think that there is reason to be cautious about the applied corrections in the case of Ar, as agreement of the present experimental result with the present ROP calculation is relatively poor. However, we have demonstrated in [6] that the corrections that result are relatively insensitive to the theoretical model that is used.
In Fig. 4(a) the present measurement and theoretical calculations of σ GT are compared with other selected theoretical predictions. The work of Montgomery and LaBahn [35] is the earliest result compared here and employs a polarized-orbital method, similar to that used in the present ROP calculation below E P s as well as in the calculations of McEachran et al. [8] and Nakanishi and Schrader [20] . The differences in these similar calculations highlight the importance of properly handling the effect of polarization. Montgomery and LaBahn treat the polarization effect only at long range and as a result their calculation significantly underestimates the observed magnitude, most notably at low energies. Similarly, in Nakanishi and Schrader's work, the polarization was treated properly at long distance, but is truncated inside the effective radius of the atom through use of a cutoff function. McEachran et al. numerically solved the effect of polarization inside the atomic charge cloud and included higher-order polarization terms in their calculation. This approach is essentially identical to that of the present ROP calculation; however, the present calculation includes the polarization terms only up to the octopole polarizability for Ar. Jain [36] applied a parameterfree model that treated the polarization inside the atom analogously to the behavior of a positron in a free-electron cloud, and then matched this behavior to the correct asymptotic behavior at long distance. With the exception of Nakanishi and Schrader's calculation, each of the polarized-orbital approaches tends to converge to a common value near E P s of about 3Å 2 , well below the present measurement, which finds a value closer to 4Å 2 . The many-body calculations of Dzuba et al. [22] find better agreement with the present result above 2 eV than the various polarized-orbital approximations which are considered. They also demonstrated in their original work a significant contribution to the total cross section, even at low energy, from virtual Ps formation. Around 1 eV, however, there is a minimum in their predicted cross section that is not seen in the present experimental data. The present CCC result appears to provide the best agreement with the experimental data across the energy range below E P s , although it appears to overestimate the cross section below 4 eV.
In Fig. 4(b) we compare the present grand total cross section with other experimental results below E P s . Between 3 eV and E P s there is a general consensus among the measurements of Kauppila et al. [38] , Charlton et al. [27] , Sinapius et al. [26] , and the recent results of Karwasz et al. [39] , all finding relatively constant values of σ GT that lie around 3Å
2 . This value is in relatively good agreement with the magnitude predicted by most of the theoretical calculations compared in Fig. 4(a) , including the present ROP calculation, which is in broad agreement with those prior experimental measurements over most of the energy range. Across this same region, between 3 and 9 eV, the present measurements, as well as those of Canter et al. [23] , Jaduszliwer and Paul [24] , and to a lesser extent the single measurement of Coleman et al. [40] [8] ; ----, Nakanishi and Schrader [20] ; -·· -, Jain [36] ; ----, Nahar and Wadehra [37] ; --, Baluja and Jain [21] ; -·-, Dzuba et al. [22] ; , Canter et al. [23] ; , Jaduszliwer and Paul [24] ; , Kauppila et al. [38] ; N, Coleman et al. [19] ; ×, Sinapius et al. [26] ; , Charlton et al. [27] ; , Karwasz et al. [39] .
observed. The results of Karwasz et al. are in reasonable agreement with the present results below 1.5 eV, although they rise notably above at the lowest energies, lying in good agreement with the present CCC calculation. The poor agreement among experimental results has been explored previously [1] . However, a thorough examination of sources of systematic error was insufficient to explain the disparity in results, except for the uncertainty in the magnitude of corrections required for the problem of forward angle scattering. Preliminary measurements with the present apparatus [6, 41] , performed with a degraded angular resolution, found a cross section that was in relatively good agreement with the result of Kauppila et al., including observation of an apparent minimum in the cross section around 1.5 eV. Corrections applied to the preliminary results were clearly insufficient in light of the present measurements, as the corrected results fell below the present data by approximately 30%, significantly below even the present results prior to correction. We now understand the reason for this due to our better understanding of the angular discrimination problems. This result, as well as the apparent emergence of the Ramsauer-Townsend minimum observed by Kauppila et al., has been discussed in more detail in a recent study [6] .
Previous experimental and theoretical results are compared with the present results for impact energies above E P s in Fig. 4(c) Theoretical calculations for the energy range from E P s up to 60 eV, the limit of the present measurements, are again quite limited, as in neon. The work of Nahar and Wadehra [37] applied the relativistic Dirac equation, using a sum of model potentials to describe the interaction of the positron and target atom. In their work Nahar and Wadehra found that for different model potentials they were able to obtain an integrated cross section in reasonable agreement with experiment, but the differences in partial cross sections could be substantial. We find that the present result is in poor agreement with this calculation, although the predicted cross section appears to find reasonable agreement at low energy with the measurements of Kauppila et al. and Karwasz et al. The smooth rise and subsequent fall observed in their calculation shows no evidence of the sharp flattening of the cross section which is observed in the present result around 15 eV. The complex optical potential calculation of Baluja and Jain [21] follows a similar trend to that in [27] , although the predicted cross section is slightly lower than that of Nahar and Wadehra. It lies closer to the present result, but rises to a maximum which is about 20% larger than that found presently at approximately 45 eV. As in Ne, the present CCC result provides the best theoretical prediction of σ GT in the intermediate-energy range studied. The region between E P s and the ionization threshold is again a region of poor agreement, and similarly the predicted cross section diverges from the present measurement at the highest impact energies, lying approximately 6% above the present measurement at 60 eV.
In Fig. 4 (d) the present ROP result is compared with the present σ GT −P s measurements. Unlike the comparison in Ne, there is relatively poor agreement seen here. The predicted cross section at E P s begins approximately 25% below the present measurements and, due to the lack of inclusion of the Ps formation channel, fails to predict the observed cusp, centered about E P s (see [30] for more details). Above 15 eV the calculated cross section turns upward and rises rapidly compared with the measurement, approaching a maximum value of about 7Å 2 at 60 eV, approximately the same magnitude as the maximum σ GT which is presently measured.
The present measurements of σ P s are compared with other recent experimental results and theoretical predictions in Fig. 5 . The present measurement rises sharply, and approximately linearly, from threshold with increasing energy, with a slope of about 0.63Å 2 per eV. The cross section peaks at 17 eV, reaching a maximum value of 3Å 2 , after which it diminishes rather monotonically between 25 and 60 eV. [33] ; --, Gilmore et al. [34] ; , Laricchia et al. [31] ; 6, Marler et al. [32] .
As in Ne, the comparison with measurements of σ P s has been limited to the work of Laricchia et al. [31] and Marler et al. [32] . In their measurements Laricchia et al. observe a second peak in the cross section, occurring around 30-32 eV, that is not seen in the present data. The present result finds agreement in shape with the measurements of Marler et al., but again differs in absolute magnitude. As discussed in the analysis of the Ne results, this difference is understood to arise primarily from the use of the singlescattering approximation in the work of Marler et al., whereas the present results are derived using the Beer-Lambert law. The larger disagreement observed in Ar, about 9% at the peak, could be further attributed to the larger systematic uncertainty in both experimental results due to the lower gas pressures required to maintain the total scattering fraction to around 10% of the incident beam. The present experiment employs a high-accuracy baratron gauge, and due to the shorter scattering cell, is operated at higher target pressures, reducing the uncertainty in the pressure measurement, which may explain some of the discrepancy.
Comparison with theoretical predictions is again limited to the coupled static approximation of McAlinden and Walters [33] and the DWBA calculations of Gilmore et al. [34] . The data of Gilmore et al. have been scaled by a factor of 2 to find agreement with the peak magnitude of the experimental results of Laricchia et al., and are intended to provide a theoretical basis for the observed double-peak feature. The prediction of McAlinden and Walters again provides the best comparison in terms of cross section magnitude, although comparison with the energy dependence is again poor. Their predicted cross section rises sharply above threshold, peaking at a lower energy and to a higher magnitude than the compared experimental results. The peak in the cross section of [33] lies about 3 eV below that found in the present data, and is approximately 8% larger, reaching a maximum value around 3.25Å 2 . At scattering energies above 14 eV the calculation drops away more rapidly than in any of the measurements. The calculated cross section reaches a value at 60 eV that is approximately 70% of the present value.
V. CONCLUDING REMARKS
We have presented measurements of σ GT , σ GT −P s , and σ P s cross sections (see Table III ), alongside calculations using the relativistic optical potential approach and using the convergent close-coupling approach, for positron scattering from Ne and Ar up to 60 eV impact energy.
In Ne the present σ GT result is generally consistent with other measurements, with the largest disparity among measurements being seen below E P s , while measurements tend to converge at higher energies. Comparison of the present σ GT below E P s with the present ROP result is excellent, while above E P s , the comparison of the ROP result with the σ GT −P s measurement is equally encouraging. Comparison of the present σ GT with the results of the CCC theory is good throughout most of the energy range explored, although below E P s the CCC result is typically in better agreement with the results of Kauppila et al. than the present measurements. The present measurements of σ P s in neon are broadly consistent with the previous results of Marler et al. and Laricchia et al. Differences between the present result and those of Marler et al. are speculated to arise from the latter authors' use of the single-scattering approximation. Theoretical treatment of the Ps formation cross section fails to successfully reproduce either the magnitude or energy dependence of the cross section presently found, and suggests that a more sophisticated treatment of the problem is required.
In Ar, below E P s , the present σ GT result deviates substantially from the majority of previous measurements, although there is reasonable agreement between the present results and those of Canter et al. and Jaduszliwer and Paul. Similarly, most of the theoretical approaches considered, including the present ROP calculation used in correcting the present experimental data, lie below the present results between 2 and 9 eV, with only the work of Dzuba et al. and the present CCC calculation predicting a cross section of comparable magnitude. Above E P s there is better consensus among different measurements and the present results. The measurement of the total cross section between 20 and 60 eV greatly improves the density of experimental results in this range and allows a more critical analysis of theoretical calculations. The only reasonable agreement with theory is found in the present CCC calculations, with other predictions overestimating the cross section above 20 eV. Comparison of the present measurements with the present ROP calculations above E P s is less satisfactory in Ar than that found in Ne, with the present ROP prediction of σ GT −P s approaching a value at 60 eV that is larger than the present measurement of σ GT .
The Ps formation cross section in argon shows a similar level of disagreement with the measurements of Marler et al., again accounted for primarily by their use of the singlescattering approximation. The present measurements shows no sign of the second peak observed in the data of Laricchia et al.
